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Introduction and Testing of an Alternative Control Approach
for a Robotic Prosthetic Arm

Commercially available robotic prosthetic arms currently use independent joint
control. An alternative controller involving only control of the hand in a Cartesian
frame rather than controlling each joint independently is proposed and tested. A
training tool that was previously developed for amputee patients was used as the
platform for testing the proposed control approach. As opposed to joint control,
Cartesian control requires the solution to the inverse kinematics problem. The inverse
kinematics solution was developed for the robotic arm component of the training tool
using the extended Jacobian method. The two control methodologies, joint control
and Cartesian control, were tested on ﬁve able-bodied human subjects. Improvement
of one control methodology over the other was measured by the time it took for the
subjects to complete a simple motor task. In order to more systematically evaluate
the perceived beneﬁts of Cartesian control, two versions of Cartesian control were
tested. Version 1 implemented the Cartesian control methodology but only allowed
for motion in one direction at a time. Version 2 allowed for the combination of two directions, therefore, allowing straight-line motion. Each subject completed ﬁve timed
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CHAPTER 1

INTRODUCTION

Limb loss is a worldwide issue; in 2005 it was estimated that 1.6 million people
were living with some type of limb loss in the United States alone. Of the 1.6 million,
664,000 were classiﬁed as major limb loss, and of that number 41,000 were classiﬁed
as upper limb amputations [1]. Although, a smaller percentage than lower limb
amputations, upper limb amputees face challenges that lower limb amputees do not.
The function of the lower limbs is more centrally focused on the ability to stand, run
and walk. Upper limbs, on the other hand, perform a wider variety of tasks, and,
as a result, are harder to replace with a prosthesis. Once more, persons aﬀected by
above-elbow limb loss face a more diﬃcult situation than those that maintain the use
of their shoulder and elbow. The shoulder and elbow interact with the brain to give
a person a sense of the positioning of the arm and hand in three-dimensional space.
Without the shoulder and elbow, a person has lost that positional feedback between
limb and brain making it exceedingly diﬃcult to accurately position a prosthesis in
a desired location [2].
Studies have shown much higher usage rates of lower limb prostheses than
upper limb prostheses [3]. Additionally, of the upper limb prostheses, below-elbow
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amputees have a much higher prosthesis acceptance rate than above-elbow amputees.
A study conducted in 1995 showed that 39 of 42 below-elbow amputees used a prosthesis while only 9 of 21 above-elbow amputees used a prosthesis [4]. This study
indicates that the majority of above-elbow amputees do not ﬁnd the currently available prostheses useful enough to incorporate into their lives. In addition to the
diﬃculty of developing a prosthesis to recover the vast functions performed by the
human arm, the relatively specialized nature of the upper limb prosthetics ﬁeld has
likely contributed to the fact that lower limb prostheses are used at a much higher
rate than upper limb prostheses. A large portion of the rehabilitation industry has
focused on lower limb amputees simply because they are signiﬁcantly more common
than upper limb amputees [5].
Despite the relatively specialized ﬁeld, a number of prostheses for above-elbow
amputee patients do exist on the market today. One of the more popular prostheses
is ottobock’s Dynamic Arm. The Dynamic Arm is a myoelectrically controlled elbow
joint that can be paired with other ottobock prostheses such as a myoelectrically
controlled hand prosthesis. Currently only a single joint can be controlled at a time;
however, the ability to control multiple joints simultaneously will soon be available [6].
A myoelectric prosthesis is a prosthesis that is controlled by signals that are generated
by the amputee upon contraction of particular muscle site. Most commonly, surface
electromyography (sEMG) electrodes are placed on the skin of a muscle site located on
the residual limb. By contracting the muscle being measured by the sEMG electrodes,
a patient can control the rotational velocity of a particular joint. A complicating
factor for above-elbow amputees is that in many cases the amputation is so extensive
2

that few to no muscle sites are available on the residual limb. The development of
a surgical procedure called Targeted Muscle Reinnervation (TMR) seeks to improve
control abilities for patients with extensive amputations by transferring residual arm
nerves to alternative healthy muscle sites, for instance, the pectoral muscle. By
transferring the nerves from the residual limb, the patient can control a prosthesis
with muscle contractions that are more closely related to the natural movement of
the arm [7].
TMR surgeries are relatively new with the ﬁrst human trials beginning as
early as 2002 [7]. Early trials produced promising results, and, as a result, a few
rehabilitation hospitals have begun performing these surgeries. One such hospital is
the Glenrose Rehabilitation Hospital in Edmonton, Alberta, Canada. The Glenrose
Rehabilitation Hospital expressed a need for a myoelectric training tool (MTT) for
patients to use post-surgery but prior to receiving a ﬁnal prosthesis. A training tool
that mimicked myoelectric prostheses on the market today was developed. The MTT
is composed of a physical and simulated robotic arm, sEMG electrodes, signal acquisition hardware, controller software, and a graphical user interface (GUI). Although
not nearly as advanced as commercially available prosthetic arms, the MTT accurately simulates the use of a myoelectrically controlled prosthetic arm. The sEMG
electrodes are placed on the patient’s skin and the individual degrees of freedom
(DOFs) of the physical robotic arm are controlled by contracting the muscle being
measured by the electrodes. While the ﬁrst objective of the MTT was to develop an
inexpensive tool that could train above-elbow amputees in the use of a myoelectric
prosthesis, the second objective was to develop a tool that could be used as a research
3

platform to further develop better above-elbow prosthetic control [8]. Research has
shown that there is a great need for improvement in this area.
The control of a prosthetic arm can be divided into two distinct categories:
joint control and Cartesian control. Joint control, in which the patient independently
controls the angular velocity of each joint, is the conventional control method used
in robotic prosthetic arms today as well as the current approach implemented in the
MTT [9]. Joint control is widely used in robotics primarily because it is relatively
easy to implement. An alternative, more complex, method of control is Cartesian
control in which the patient provides the desired hand velocity in Cartesian, or threedimensional, space. The Cartesian controller then resolves the hand velocity command into the joint angular velocities required to achieve the desired movement. In
the ﬁeld of robotics, the Cartesian controller is referred to as the inverse kinematics
solution whereas the joint controller is referred to as the forward kinematics solution.
The primary goal of any prosthesis is to function as similarly as possible to
the limb it replaces. Research has shown a correlation between signals in the motor
cortex portion of the brain and position and velocity of the hand in three-dimensional
space [10]. Work has also been done to try and correlate brain signals to individual
joint rotational velocities; however, little to no correlation was found [11]. The research seems to support what seems an intuitive conclusion; at the level of conscious
thought, human arm control is more similar to Cartesian control than joint control,
with the joint commands being resolved at some other level. Based on the current
research, it is deduced that the initial human command would be one of Cartesian
hand velocity; joint control would then require the patient to do a mental mapping
4

of desired Cartesian hand velocities to required joint velocities in order to issue the
command. Cartesian control essentially removes that function from the patient and
incorporates it into the controller.
An additional advantage of Cartesian control is the ability for straight-line
motion which is not possible with individual joint control. The shortest distance to
an object is a straight line; therefore, a patient should be able to reach an object
quicker with Cartesian control rather than joint control. Straight-line motion also
results in a more natural arm motion than the rotation of individual joints one at
a time. The typical prosthetic arm contains four DOFs in addition to the hand
open/close DOF: shoulder rotation, elbow ﬂexion/extension, wrist ﬂexion/extension,
and wrist rotation. Because amputee’s rarely have more than one or two muscle sites
available for myoelectric control, switches must be implemented enabling the patient
to switch from one DOF to the next. Cartesian control only requires three commands
to position the arm in three-dimensional space; therefore, requiring fewer muscle sites
and less switching.
An alternative control approach for a robotic prosthetic arm utilizing Cartesian
control, or the inverse kinematics solution, rather than joint control is proposed in
this thesis. The physical robotic arm component of the MTT is currently available in
the UAH Advanced Robotics Laboratory and was used as the testing platform for the
alternative control approach. It is theorized that by more closely modeling the control
of an actual human arm, the Cartesian control approach will improve upon the joint
control method currently employed in the MTT and widely used in the prosthetics
industry today.
5

CHAPTER 2

APPROACH

This thesis seeks to investigate an alternative control approach for a robotic
prosthetic arm that utilizes inverse kinematics to provide the user the ability to control
the velocity of the end-eﬀector, or hand, in a Cartesian, or three-dimensional, space
rather than controlling each joint independently. The robotic arm component of the
MTT developed for training of above-elbow amputee patients is pictured in Figure 2.1
and is used for the basis of this research. The robotic arm component is Crustcrawler’s
AX-12 Smart Arm robotic arm kit; it was chosen for the MTT because of its relatively
low cost and that fact that it has all of the DOFs of the human arm.
This Cartesian control approach will require the closed-form solution to the
inverse kinematics problem. Whereas forward kinematics involves computing the endeﬀector velocity from a set of joint angle velocities, inverse kinematics seeks to solve
the more diﬃcult problem of, given a desired end-eﬀector velocity, solve for the joint
angle velocities required to achieve that end-eﬀector velocity. This thesis will begin
with the formulation of the kinematics and, subsequently, the inverse kinematics of
the robotic arm. The inverse kinematics solution is developed for the velocity of the
end-eﬀector through the use of a Jacobian matrix (J). A Jacobian matrix provides a
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Figure 2.1: AX-12 Smart Arm

linear transformation between two quantities, in this case, the joint angle velocities
(θ̇) and the Cartesian end-eﬀector velocities (ẋ).

ẋ = J(θ)θ̇

(2.1)

The inverse of Equation (2.1), shown in Equation (2.2), forms the basis of
the proposed Cartesian control approach. Given the desired end-eﬀector velocity,
Equation (2.2) returns the required joint angular velocities.

7

θ̇ = J(θ)−1 ẋ

(2.2)

Redundant manipulators, such as the robotic arm utilized in this thesis, introduce
the complicating factor of a rectangular Jacobian matrix. An extended Jacobian
matrix will be proposed in order to form a square Jacobian matrix. Although, the
issue of a rectangular Jacobian matrix is avoided, additional complications arise due
to the implementation of the extended Jacobian method; these complications will be
discussed in this thesis as well.
The Jacobian matrix is a function of the joint angles (θ); therefore, it must be
updated each time the arm moves. A simple controller is implemented in Simulink
that makes use of the available feedback from the arm to update the Jacobian matrix. The use of the Jacobian matrix in the control of the robotic arm introduces
the possibility of singular matrices requiring the ability to predict a singularity in
order to avoid unstable behavior. Additionally, it was desired to incorporate collision
avoidance into the controller so that the arm would stop moving before a collision
with the ground or the arm itself.
Although the Cartesian control approach is theorized to allow for better control
of the robotic arm by being more intuitive and by allowing for straight-line motion,
trials with human subjects will be required in order to test this theory. Timed trials
of able-bodied subjects will be performed in order to evaluate the Cartesian control method. In order to gain the most insight into the beneﬁts of various control
approaches, three controllers will be tested. First, subjects will be tested on their
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ability to perform a simple motor task with the current independent joint control approach. The following two controllers will test the ability of the subjects to perform
the same motor task using two versions of the Cartesian control approach. The ﬁrst
version allows for velocity control of the hand in a Cartesian frame by moving in one
direction at time. The results of this test should provide insight into the intuitiveness
of the Cartesian control approach as opposed to the joint control approach. The
second version of the Cartesian controller will build on the ﬁrst by allowing simultaneous velocity control of the hand in two directions. For example, the subject will
have the ability to specify a combination of forward and side-to-side velocity in order
to move in a straight line path to an object. This version of the Cartesian controller
will demonstrate the additional beneﬁt of straight-line motion. Conclusions on the
advantages and disadvantages of the Cartesian control approach will be based on the
results of the timed trials, observations made during the trials, and user feedback.
The system used for testing in this thesis diﬀers from the MTT in that the
user interfaces with the controller through a graphical user interface rather than by
contracting a muscle being measured by a sEMG electrode. The sEMG electrodes
and data acquisition system required to convert the raw EMG signals are the most
expensive component of the MTT and are not currently available in the UAH Advanced Robotics Laboratory. Because the three controllers being compared in this
thesis all use a GUI as the interface between the controller and the user, it is not
anticipated to aﬀect the comparisons between control approaches. Previous testing
performed with the MTT will be utilized where possible to provide additional insight
into the eﬀect of the user interface.
9

CHAPTER 3

KINEMATICS

The control of any manipulator relies heavily on the ability to know the position and velocity of each of the manipulator’s links with respect to one another.
Of special interest for a robotic arm, is the ability to know position and velocity of
the end-eﬀector with respect to the base. For a robotic arm, this is analogous to
describing a person’s hand position and velocity with respect to their body. The
forward kinematics solution provides the position and orientation of any location on
the robotic arm with respect to any other, and velocity propagation transforms the
forward kinematics solution from position and orientation to velocity. A systematic
approach for developing the forward kinematics solution will be presented and followed by the solution speciﬁc to the AX-12 Smart Arm. Because the case of hand
position and orientation with respect to the base is of particular interest, the equations representing the AX-12 Smart hand position and orientation with respect to
the base will be explicitly included. Last, the formulation of the velocity propagation
equations will be presented in order to allow for the computation of any link’s velocity,
particularly the end-eﬀector’s velocity. Velocity propagation will be extremely useful
in the development of the inverse kinematics solution to be discussed in Chapter 4.

10

Revolute

Prismatic

Figure 3.1: Revolute and Prismatic Joints (Taken from [12])

The ﬁrst step in developing the kinematics for a manipulator is to visualize
the manipulator as a set of links connected as a chain by joints. The most common
types of joints, revolute and prismatic, are pictured in Figure 3.1. The AX-12 Smart
Arm consists of four links connected by ﬁve revolute joints; the arm does not contain
any prismatic joints. The ﬁve joints correspond to the ﬁve degrees of freedom shown
in Figure 3.2, Shoulder Rotation, Elbow Flexion/Extension, Wrist Flexion/Extension,
Wrist Rotation, and Hand Open/Close. Once the geometry of the manipulator is fully
understood, Denavit-Hartenberg notation can be used to systematically develop the
kinematic relationship between each manipulator link.

3.1

Link Parameters and Frame Assignment
Denavit-Hartenberg notation is a method composed of aﬃxing frames to var-

ious locations on a manipulator and deﬁning a number of link parameters used to
describe the relationship between each frame. These link parameters will become

11

Wrist Rotation
Wrist
Flexion\Extension

Hand
Open\Close

Elbow
Flexion\Extension

Shoulder
Rotation

Figure 3.2: AX-12 Smart Arm Degrees of Freedom

very useful in the development of transformation matrices used to relate neighboring
links. A summary of the link frame assignment procedure is included below.

1. Identify the joint axes and imagine (or draw) inﬁnite lines along them. For
steps 2 through 5, consider two of these neighboring lines (at axes i and i + 1).
2. Identify the common perpendicular between them, or point of intersection. At
the point of intersection, or at the point where the common perpendicular meets
the ith axis, assign the link-frame origin.
3. Assign the Ẑi axis pointing along the ith joint axis.
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4. Assign the X̂i axis pointing along the common perpendicular, or, if the axes
intersect, assign X̂i to be normal to the plane containing two axes.
5. Assign the Ŷi axis to complete the right-hand coordinate system.
6. Assign frame {0} to match frame {1} when the ﬁrst joint variable is zero. For
frame {N}, choose an origin location and X̂{N } direction freely, but generally
so as to cause as many linkage parameters as possible to become zero.
The link frame attachment procedure also incorporates knowledge of the DenavitHartenberg link frame parameters. These link frame parameters aid in the description
of various frames in relation to one another. These parameters are deﬁned below and
are pictured in Figure 3.3.
Link length ai is the distance from Ẑi to Ẑi+1 , measured along X̂i
Length twist αi is the angle from Ẑi to Ẑi+1 , measured about X̂i
Link oﬀset di is the distance from X̂i to X̂i+1 , measured along Ẑi
Joint angle θi is the angle from X̂i to X̂i+1 , measured about Ẑi
Denavit-Hartenberg notation was used to assign the link frames for the AX-12
Smart Arm.

Figure 3.4 shows the link frames for the AX-12 Smart Arm. The Ŷi

axes are not shown but are drawn to complete a right-hand coordinate system. As
stated previously, manipulator kinematics involves relating link frames to one another;
therefore, any points of special interest on the manipulator should be assigned a frame
even if the Denavit-Hartenberg convention does not explicitly specify one. Although
the Hand Open\Close is considered a degree of freedom, its motion does not aﬀect
the position or orientation of the end-eﬀector; therefore, based on Denavit-Hartenberg
13

Axis i
Axis i − 1

Link i − 1
Link i

Ẑi−1

Ŷi Ẑi

Ŷi−1
di
X̂i−1
ai−1

ai

X̂i
θi

αi−1
Figure 3.3: Denavit-Hartenberg Frame Assignment and Parameters (Redrawn based
on illustrations in [12])

Table 3.1: AX-12 Smart Arm Link Parameters (angles in radians, length in inches)
Link i
1
2
3
4
5

αi−1
0
π/2
0
π/2
0

ai−1
di
θi
0
0
θ1
2.22
0
θ2 +
6.855
0
θ3 +
0
0
θ4
0
8.25
0

π
4
π
2

notation, frame {5} is not necessary. However, because the position and orientation
of the end-eﬀector in relation to the base frame, frame {0}, is of great importance,
frame {5} was included. The link parameters for the AX-12 Smart Arm are included
in Table 3.1.

3.2

AX-12 Smart Arm Link Transformations
The knowledge of the link parameters for a given manipulator is very powerful

in that it can be used to formulate a transformation matrix from one link frame to
another neighboring frame. Additionally, a series of transformation matrices can be
14

X̂5

X̂3 ,X̂4

Ẑ5

Ẑ4

Ẑ0 ,Ẑ1

Ẑ3
X̂2

X̂0 ,X̂1
Ẑ2

Figure 3.4: AX-12 Smart Arm Link Frame Assignment
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multiplied together to describe any one frame in relation to any other. The transformation matrix for frame {i} relative to frame {i − 1} is given in Equation (3.1) where
c stands for cos and s stands for sin.
⎡

⎤

−sθi
0
ai−1 ⎥
⎢ cθi
⎢
⎥
⎢
⎥
⎢sθ cα
⎥
cθ
cα
−sα
−sα
d
⎢ i i−1
i
i−1
i−1
i−1 i ⎥
i−1
⎢
⎥
i T = ⎢
⎥
⎢sθ sα
cαi−1 di ⎥
⎢ i i−1 cθi sαi−1 cαi−1
⎥
⎢
⎥
⎣
⎦
0
0
0
1

(3.1)

The transformation matrix in Equation (3.1) is essentially composed of two
components, a rotation component and a translation component which can be obtained by partitioning the transformation matrix as shown in Figure 3.5. The upper
left 3 × 3 matrix is the rotation component that supplies the rotation needed to represent frame i in frame i − 1. This rotation matrix is denoted
in the upper right partition is denoted

i−1

i−1
i R.

The 3 × 1 vector

pi and represents the position of frame i in

frame i − 1. These two components of the transformation matrix will become useful
in the formulation of the velocity propagation from one frame to another.
Equation (3.1) can be used to generate a transformation matrix relating each of
the ﬁve AX-12 Smart Arm link frames to its neighboring link. The end-eﬀector frame,
frame {5}, can then be related to the base frame, frame {0} by multiplying each of
the transformation matrices together as shown in Equation (3.2). The transformation
matrix from the end-eﬀector frame of the AX-12 Smart Arm to the base frame as
deﬁned in Figure 3.4 is included in Equation (3.3) and Equation (3.4).
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Figure 3.5: Partitioned Transformation Matrix

0
5T

=01 T 12 T 23 T 34 T 45 T
⎡

⎢r11
⎢
⎢
⎢r
⎢ 21
0
⎢
5T = ⎢
⎢r
⎢ 31
⎢
⎣
r41

(3.2)

⎤
r12 r13 r14 ⎥
⎥
⎥
r22 r23 r24 ⎥
⎥
⎥,
⎥
r32 r33 r34 ⎥
⎥
⎥
⎦
r42 r43 r44

where
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(3.3)

π
π
+ θ2 ) − cθ1 cθ4 c( + θ2 )sθ3
4
4
π
= −cθ1 sθ4 − cθ3 cθ4 sθ1 s(pi/4 + θ2 ) − cθ4 c( + θ2 )sθ1 sθ3
4
π
=
c( + θ2 + θ3 )cθ4
4

r11 =
r21
r31

sθ1 sθ4 − cθ1 cθ3 cθ4 s(

r41 =

0

r32 =

π
π
+ θ2 ) + cθ1 c( + θ2 )sθ3 sθ4
4
4
π
π
cθ3 sθ1 sθ4 s( + θ2 ) − cθ1 cθ4 + c( + θ2 )sθ1 sθ3 sθ4
4
4
π
−c( + θ2 + θ3 )sθ4
4

r42 =

0

r12 =
r22 =

cθ4 sθ1 + cθ1 cθ3 sθ4 s(

r33 =

π
c( + θ2 + θ3 )cθ1
4
π
c( + θ2 + θ3 )sθ1
4
π
s( + θ2 + θ3 )
4

r43 =

0

r13 =
r23 =

r34 =

π
π
+ θ2 + θ3 ) + a2 c( + θ2 )]
4
4
π
π
sθ1 [a1 + d5 c( + θ2 + θ3 ) + a2c( + θ2 )]
4
4
π
π
d5 s( + θ2 + θ3 ) + a2 s( + θ2 )
4
4

r44 =

1

r14 =
r24 =

3.3

(3.4)

cθ1 [a1 + d5 c(

Velocity Propagation
For robotic arm control, the objective is generally associated with some de-

sired behavior of the end-eﬀector. The development of the forward kinematics in the
18

previous section allows for the description of the position and orientation of the endeﬀector. In addition to position and orientation, it is also desired to know the angular
and linear velocity of the end-eﬀector. The velocity of the end-eﬀector can be calculated by starting with the base frame and moving in order though all of the frames
by knowing that a frame’s velocity will be equal to the sum of the previous frame’s
velocity and any new velocity added by the frame itself. This process is called velocity
propagation. Velocity propagation for manipulators with revolute joints only, such as
the AX-12 Smart Arm, will be developed in this section, although similar equations
exist for prismatic manipulators.
Each frame has its own linear velocity vector, v, and angular velocity vector,
ω. These vectors are shown in each individual joint frame in Figure 3.6. Additionally,
the position vector, p, of frame i + 1 is shown in frame i denoted by the preceding
superscript.
Angular velocities of two frames can be added when both are represented in the
same frame; therefore, the equation for the angular velocity of frame i + 1 represented
in frame i will be developed ﬁrst. The angular velocity of frame i+1 in frame i, i ωi+1 ,
is simply the sum of the angular velocity of frame i in frame i and a new angular
velocity component of frame i + 1 also represented in frame i by premultiplying by
the transformation matrix

i
i+1 R.

This relationship is shown in Equation (3.5). In

Equation (3.5), θ̇i+1 i+1 ẑi+1 is the joint velocity of joint i + 1 multiplied by the unit
vector ẑ of frame i + 1 both represented in frame i + 1. A frame’s angular velocity
can then be transformed into its own frame by simply premultiplying both sides of
Equation (3.5) by the rotation matrix i+1
i R as shown in Equation (3.6). Equation (3.6)
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i+1

vi+1
Ẑi+1

ivi
iωi

i+1

ωi+1

Ŷi+1
i

Ẑi

pi+1

Ŷi

X̂i+1

X̂i

Figure 3.6: Velocity Vectors of Neighboring Links (Redrawn based on illustrations
in [12])

can be applied sequentially from the base frame to the end-eﬀector frame to attain
the end-eﬀector angular velocity.

i

ωi+1 =i ωi +ii+1 Rθ̇i+1 i+1 ẑi+1

i+1

ωi+1 =i+1
Ri ωi + θ̇i+1 i+1 ẑi+1
i

(3.5)

(3.6)

The linear velocity of frame i+1 in frame i is the linear velocity of the preceding
frame added to a linear velocity component caused by the rotational velocity of the
preceding frame. This relationship is shown in Equation (3.7). Again, premultiplying
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both sides of the equation by the rotation matrix,

i+1
i R,

yields the linear velocity

of frame i + 1 deﬁned in its own frame as shown in Equation (3.8). A sequential
application of Equation (3.8) from the base frame to the end-eﬀector frame will yield
the end-eﬀector linear velocity.

i

i+1

vi+1 =i vi +i ωi ×i pi+1

vi+1 =i+1
R(i vi +i ωi ×i pi+1 )
i

(3.7)

(3.8)

Equations (3.6) and (3.8) allow for the computation of the end-eﬀector angular and linear velocity in the end-eﬀector frame. As stated previously, for control
purposes, it is likely that a description of end-eﬀector velocity in the base frame, or
some other frame, will be required. A simple premultiplication of Equations (3.6)
and (3.8) by the appropriate rotation matrix will yield the end-eﬀector angular and
linear velocity in any other desired frame. Equations (3.6) and (3.8) will be directly
involved in the development of the inverse kinematics solution in Chapter 4.
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CHAPTER 4

INVERSE KINEMATICS

The goal of this thesis is to investigate an alternative control algorithm for
the MTT that allows the user to provide x, y, and z Cartesian velocity commands
for the end-eﬀector rather than having to command each joint individually. The
forward kinematics derived in the previous section produced the end-eﬀector position
and orientation as a function of the joint angles. Velocity propagation then extended
the forward kinematics solution to allow for the computation of end-eﬀector linear
and angular velocities based on the joint angle rates. While the forward kinematic
relationship is extremely useful, the alternative control approach proposed in this
thesis requires the solution to the inverse kinematics problem. Given a desired endeﬀector velocity in the Cartesian space, inverse kinematics will produce the required
joint angle velocities needed to achieve the desired end-eﬀector velocity.
Inverse kinematics at the position level is more complicated than forward kinematics at the position level in that it requires a closed-form solution to a set of nonlinear equations [12]. Quite often this solution is diﬃcult, and, at times, it is even
impossible. When using velocity control as opposed to position control, the inverse
kinematics at the velocity level can be somewhat simpliﬁed by making use of a Jaco-
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bian matrix. A Jacobian matrix can provide a velocity mapping from the joint space
to the Cartesian space. This mapping can be used to produce the inverse kinematic
relationship between joint velocities and end-eﬀector Cartesian velocities. Although
this approach avoids some of the traditional position level inverse kinematics issues
such as the existence of multiple solutions, it is not free from diﬃculty. The development of the Jacobian matrix for the solution to the AX-12 inverse kinematics problem
will be discussed as well as some potential issues with this approach.

4.1

Jacobian Matrix

The Jacobian matrix, J, is a matrix of ﬁrst-order partial derivatives of one
vector quantity with respect to another vector quantity. Equation (4.1) contains the
Jacobian matrix for a vector f of length m that is a function of the independent
variables contained in a vector x that has a length of n. There is no requirement that
m = n; therefore, the Jacobian matrix can be either square or rectangular.
⎤

⎡
δf
⎢ δx11

⎢
⎢ .
J=⎢
⎢ ..
⎢
⎣

δfm
δx1

...
..

δf1
δxn ⎥

.

...

⎥
.. ⎥
. ⎥
⎥
⎥
⎦

(4.1)

δfm
δxn

If the functions contained in f are nonlinear, the partial derivatives will be a function
of x and the relationship between δf and δx can be written in vector notation as
shown in Equation (4.2) [12].

δf = J(x)δx
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(4.2)

Both sides of Equation (4.2) can be divided by diﬀerential time to produce Equation (4.3). Equation (4.3) represents a mapping of x velocities, ẋ, to f velocities, ḟ .
This relationship is very important in that it will allow for a mapping between joint
velocities and Cartesian velocities.

ḟ = J(x)ẋ

(4.3)

Equation (4.3) can be rewritten in terms of the joint angles deﬁned in Table 3.1,
θ, the joint angle rates, θ̇, and the end-eﬀector velocity deﬁned in a Cartesian frame,
ẋ.

ẋ = J(θ)θ̇

(4.4)

When joint angles and joint angular velocities are known, Equation (4.4) provides
the resulting Cartesian end-eﬀector velocity. If J is square and the determinant is
non-zero, the inverse of Equation (4.4) can be easily obtained. Equation (4.5) uses the
current joint angles and desired end-eﬀector velocity to compute the required joint
angular velocities, forming the solution to the inverse kinematics problem. Equation (4.5) will form the basis of the Cartesian control algorithm proposed in this
thesis.

θ̇ = J(θ)−1 ẋ

24

(4.5)

4.2

Development of Inverse Kinematics for the AX-12 Smart Arm
A number of problems are encountered when using a Jacobian matrix to solve

an inverse kinematics problem. First, the size and rank of the Jacobian matrix must be
considered. If J is a square matrix and has full rank, a unique set of joint velocities can
be obtained with Equation (4.5) [13]. For a redundant manipulator, J is rectangular
and thus the Jacobian is not directly invertible. If the desired end-eﬀector behavior
only involves Cartesian x, y, and z velocities, the AX-12 Smart Arm is a redundant
manipulator because it has four DOFs (not including Hand Open/Close), one more
degree of freedom than needed to achieve the desired task. A number of methods for
solving the inverse kinematics for a redundant manipulator through the use of the
Jacobian have been explored. These methods can be categorized into approximate
and exact solutions [14]. For this thesis an exact solution to the inverse kinematics
was desired. One exact method is the extended Jacobian method introduced in [15].
This method essentially extends the rectangular Jacobian matrix until it is square
by adding variables to ẋ in Equation (4.5). Velocity control of an end-eﬀector in
Cartesian space generally consists of a 3×1 commanded velocity vector composed of x,
y, and z end-eﬀector velocities. By adding variables to ẋ, the number of commanded
velocity quantities is increased.
For this thesis the extended Jacobian method was selected as the approach
to solve the inverse kinematics problem. Equation (4.5) is modiﬁed for the extended
Jacobian method in Equation (4.6) where Je is the extended Jacobian matrix and ẋe
is the extended commanded velocity vector.
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θ̇ = Je (θ)−1 ẋe

(4.6)

The extended Jacobian method deﬁnes commanded velocities, or tasks, as either main tasks or additional tasks. Main tasks are contained in ẋm , and additional
tasks are contained in ẋa . For Cartesian control of the AX-12 Smart Arm hand, the
main task will consist of x, y, and z end-eﬀector velocities which are contained in
the vector v. Because the AX-12 Smart Arm is a 4 DOF system, only one additional task is needed to force a square Jacobian. The rotational velocity of the hand,
element (3, 1) of the vector ω, was selected as the additional task. The Jacobian
relating the main tasks to the joint angle rates will be denoted Jm , and the Jacobian
relating the additional tasks to the joint angle rates is Ja . The extended Jacobian
matrix, Je is simply a concatenation of Jm and Ja as shown in Equation (4.7). The
extended commanded velocity vector is constructed in a similar manner and is shown
in Equation (4.8).
⎡

⎤

⎢ Jm ⎥
⎥
Je = ⎢
⎣ ⎦
Ja
⎡

(4.7)

⎤

⎢ẋm ⎥
⎥
ẋe = ⎢
⎣ ⎦
ẋa

(4.8)

The end-eﬀector linear velocity, which makes up the main task, can be obtained in the end-eﬀector frame using Equation (3.8). However, the end-eﬀector
linear velocity is typically speciﬁed in the manipulator’s base frame. For a robotic
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arm, this is analogous to a person commanding the velocity of their hand in a frame
attached to the person’s body. For x, y, and z Cartesian velocity terms this seems
to be the most intuitive approach because it allows a person to prescribe desired
end-eﬀector velocities in a ﬁxed frame. Again the base frame for the AX-12 Smart
Arm is frame {0}, and the end-eﬀector frame is frame {5}. The end-eﬀector linear
velocity deﬁned in the end-eﬀector frame, 5 v5 , can be premultiplied by the rotation
matrix 05 R to prescribe v5 in the base frame. The resulting velocity vector, 0 v5 makes
up the main task as shown in Equation (4.9). The components of xm are included in
Equation (4.10).

ẋm = 0 v5

0

π
π
π
)c(θ3 + )c(θ1 ) − a2 θ˙1 c(θ2 + )s(θ1 )
4
2
4
π
π
π
− a2 θ˙2 s(θ2 + )c(θ1 ) − a1 θ˙1 s(θ1 ) + d5 θ˙3 c(θ2 + )c(θ3 + )c(θ1 )
4
4
2
π
π
π
π
− d5 θ˙1 c(θ2 + )s(θ3 + )s(θ1 ) − d5 θ˙1 c(θ3 + )s(θ2 + )s(θ1 )
4
2
2
4
π
π
π
π
− d5 θ˙2 s(θ2 + )s(θ3 + )c(θ1 ) − d5 θ˙3 s(θ2 + )s(θ3 + )c(θ1 )
4
2
4
2

(v1 )5 = d5 θ˙2 c(θ2 +
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(4.9)

0

π
π
(v2 )5 = a1 θ˙1 c(θ1 ) + a2 θ˙1 c(θ2 + )c(θ1 ) − a2 θ˙2 s(θ2 + )s(θ1 )
4
4
π
π
π
π
+ d5 θ˙1 c(θ2 + )s(θ3 + )c(θ1 ) + d5 θ˙1 c(θ3 + )s(θ2 + )c(θ1 )
4
2
2
4
π
π
π
π
+ d5 θ˙2 c(θ2 + )c(θ3 + )s(θ1 ) + d5 θ˙3 c(θ2 + )c(θ3 + )s(θ1 )
4
2
4
2
π
π
π
π
− d5 θ˙2 s(θ2 + )s(θ3 + )s(θ1 ) − d5 θ˙3 s(θ2 + )s(θ3 + )s(θ1 )
4
2
4
2

0

3π
3π
π
) + d5 θ˙3 s(θ2 + θ3 +
) + a2 θ˙2 c(θ2 + ) (4.10)
(v3 )5 = d5 θ˙2 s(θ2 + θ3 +
4
4
4

End-eﬀector rotational velocities, on the other hand, seem easier to prescribe
in the end-eﬀector frame. By allowing the desired hand rotational velocity to be
provided in the end-eﬀector frame, a person is simply commanding a clockwise or
counterclockwise rotation of the hand based on the current orientation of the hand.
Based on this assumption, the additional task vector was deﬁned as 5 (ω3 )5 where the
subscript 3 denotes the third element of the vector ω and the subscript 5 shows that
it is the angular velocity of the end-eﬀector ( frame {5}). The additional task vector,
which becomes a scalar for a single additional task as proposed here, is shown in
Equation (4.11). Equation (3.6) is used to compute 5 (ω3 )5 ; the results are shown in
Equation (4.12).

5

ẋa =5 (ω3 )5

(4.11)

3π
(ω3 )5 = θ˙4 − θ˙1 c(
+ θ2 + θ3 )
4

(4.12)
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The resulting Jacobian matrix is shown in Equation (4.13).
⎡

δ 0 (v1 )
⎢
⎢ δ θ̇1
⎢
⎢ 0
⎢ δ (v2 )
⎢
⎢ δ θ̇1
Je = ⎢
⎢ 0
⎢ δ (v3 )
⎢
⎢ δ θ̇1
⎢
⎢ 2
⎣ δ (ω3 )
δ θ̇1

δ 0 (v1 )
δ θ̇2

δ 0 (v1 )
δ θ̇3

δ 0 (v2 )
δ θ̇2

δ 0 (v2 )
δ θ̇3

δ 0 (v3 )
δ θ̇2

δ 0 (v3 )
δ θ̇3

δ 2 (ω3 )
δ θ̇2

δ 2 (ω3 )
δ θ̇3

⎤
δ 0 (v1 )
⎥
δ θ̇4 ⎥
⎥
⎥
δ 0 (v2 ) ⎥
⎥
δ θ̇4 ⎥
⎥
⎥
0
δ (v3 ) ⎥
⎥
δ θ̇4 ⎥
⎥
⎥
δ 2 (ω3 ) ⎦

(4.13)

δ θ̇4

The partial derivatives with respect to θ̇1 , θ̇2 , θ̇3 , and θ̇4 are taken for each
velocity component in Equations (4.10) and (4.12) to ﬁll in the Jacobian matrix
deﬁned in Equation (4.13). The components of the Jacobian matrix are included
below in Equation (4.14).

(Je )11 = −a1 s(θ1 ) − a2 c(θ2 +
− d5 c(θ3 +

π
π
π
)s(θ1 ) − d5 c(θ2 + )s(θ3 + )s(θ1 )
4
4
2

π
π
)s(θ2 + )s(θ1 )
2
4

π
π
π
)c(θ3 + )c(θ1 ) − a2 s(θ2 + )c(θ1 )
4
2
4
π
π
− d5 s(θ2 + )s(θ3 + )c(θ1 )
4
2

(Je )12 = d5 c(θ2 +

(Je )13 = d5 c(θ2 +

π
π
π
π
)c(θ3 + )c(θ1 ) − d5 s(θ2 + )s(θ3 + )c(θ1 )
4
2
4
2
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(Je )14 = 0

π
π
π
)c(θ1 ) + d5 c(θ2 + )s(θ3 + )c(θ1 )
4
4
2
π
π
+ d5 c(θ3 + )s(θ2 + )c(θ1 )
2
4

(Je )21 = a1 c(θ1 ) + a2 c(θ2 +

π
π
π
π
)c(θ3 + )s(θ1 ) − d5 s(θ2 + )s(θ3 + )s(θ1 )
4
2
4
2
π
− a2 s(θ2 + )s(θ1 )
4

(Je )22 = d5 c(θ2 +

(Je )23 = d5 c(θ2 +

π
π
π
π
)c(θ3 + )s(θ1 ) − d5 s(θ2 + )s(θ3 + )s(θ1 )
4
2
4
2

(Je )24 = 0

(Je )31 = 0

(Je )32 = a2 c(θ2 +

π
3π
) + d5 s(θ2 + θ3 +
)
4
4

(Je )33 = d5 s(θ2 + θ3 +
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3π
)
4

(Je )34 = 0

(Je )41 = −c(

3π
+ θ2 + θ3 )
4

(Je )42 = 0

(Je )43 = 0

(Je )44 = 1

(4.14)

The Jacobian matrix is a function of joint angles only; therefore, the inverse
kinematics solution presented in Equation (4.6) is solved by knowing the components of the Jacobian matrix in Equation (4.14), the joint angles, θ, and the desired
end-eﬀector velocity, ẋe . Because the Jacobian matrix has been extended from a rectangular matrix to a square matrix, it is now directly invertible. Directly invertible,
however, does not mean free from singularities. Problems encountered when using
the extended Jacobian method such as singular matrices will be discussed in the next
section.
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4.3

Potential Issues with the Extended Jacobian Method for Solving Inverse Kinematics

The simplicity of the extended Jacobian approach makes it desirable, especially
for research intended to measure the advantage of a relatively new concept such as the
one proposed in this thesis. If promising results are obtained with the simple extended
Jacobian approach, further research may be warranted in which more complex inverse
kinematics solutions can be explored. There are two major disadvantages to using
the extended Jacobian approach [16]. The ﬁrst is that the additional task is required
at all times [14]. In some instances the additional task may be some sort of obstacle
avoidance or joint limit avoidance task that is based on conditions that do not always
exist; the extended Jacobian method is not suitable for problems with additional tasks
deﬁned in this way. The additional task deﬁned for the AX-12 Smart Arm has avoided
this issue by assigning the hand rotational velocity as the additional task which
can always be deﬁned. It is likely, however, that often the hand rotational velocity
will simply be commanded to zero velocity. The second major disadvantage to the
extended Jacobian method is that adding the additional task can result in a singular
Jacobian matrix even when the manipulator is not in a singular conﬁguration [13]. A
singular Jacobian matrix will cause unstable behavior of the manipulator, thus this
disadvantage must be dealt with in the control scheme to be developed in Chapter 6.
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CHAPTER 5

AX-12 SMART ARM

While the development of the inverse kinematics solution for the AX-12 Smart
Arm in Chapter 4 provides the analytical background for the control of the arm, a
number of physical quantities must be realized in order to accurately control the
robotic arm. First, the arm geometry must be fully understood. The AX-12 Smart
Arm geometry was discussed brieﬂy in Chapter 3 and will be expanded upon in this
chapter. Next, the conﬁguration of the servos that control the joint rotations must
be explored in order to develop a mapping from desired joint angle or joint angle
velocity to servo command. Lastly, the features of the AX-12 servo such as load and
position feedback will contribute to the development of the control algorithm.

5.1

AX-12 Smart Arm Geometry
The Denavit-Hartenberg link frame parameters discussed in Chapter 3 incor-

porated knowledge of the AX-12 Smart Arm link lengths. This geometry is shown
below in Figure 5.1. In addition to the forward kinematics solution, the link lengths
are important for collision avoidance schemes to be discussed in Chapter 6.
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Hand Open: 9.0”, Hand Close: 10.25”

6.85”

3.14”

45◦

3.81”

Figure 5.1: AX-12 Smart Arm Dimensions
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ID 6

ID 5

ID 7

ID 4

ID 3
ID 2

ID 1
(Underneath Base)

Figure 5.2: AX-12 Smart Arm Servo Conﬁguration

5.2

AX-12 Servo Position and Velocity Commands

Each of AX-12 Smart Arm’s ﬁve revolute joints are controlled by one or more
AX-12 servomotors. A total of seven servos, labeled with ID numbers 1 - 7 control
the ﬁve revolute joints as shown in Figure 5.2. Shoulder rotation, wrist rotation, and
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150◦

300◦

0◦
300◦ - 360◦
(Invalid Angle)

Figure 5.3: AX-12 Servo Range (Taken from User Manual [17])

hand open/close are each controlled by a single servo, and elbow ﬂexion/extension and
wrist ﬂexion/extension, generally the most heavily loaded joints, are each controlled
by two servos. The AX-12 servo can rotate 300◦ , and it does so based on a commanded
position value ranging from 0 - 1024. A command of 0 will rotate the servo to the
0◦ position shown in Figure 5.3. Similarly, a command of 512 will rotate the servo
to the 150◦ position, and a command of 1024 will rotate the servo to its maximum
rotation position at 300◦ .

36

Noting the servo conﬁguration for each joint, a mapping from a positive rotation, θ, to a servo position command was generated. For a desired shoulder rotation
of θ degrees, the required servo command of servo ID 1, φ1 is included in Equation (5.1).Similarly, the required servo commands are provided for the other degrees
of freedom in the following equations. The Hand Open/Close degree of freedom was
controlled diﬀerently in that it was either fully opened or fully closed. Although, the
Hand Open/Close degree of freedom used only a simple Open/Close command, the
servo load feedback to be discussed in the next section was used to alter the Hand
Close command in real-time to allow for a ”soft” grip on an object.
Shoulder Rotation:
1024
) + 512
300

(5.1)

φ2 = θ(

−1024
) + 512
300

(5.2)

φ3 = θ(

−1024
) − 512
300

(5.3)

φ4 = θ(

−1024
) + 512
300

(5.4)

φ5 = θ(

−1024
) − 512
300

(5.5)

φ1 = θ(
Elbow Flexion/Extension:

Wrist Flexion/Extension:
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Wrist Rotation:
φ6 = θ(

1024
) + 512
300

(5.6)

Hand Open:
φ7 = 513

(5.7)

φ7 = 703

(5.8)

Hand Close:

In addition to position command, the AX-12 servos are also velocity controlled.
The maximum rotational velocity is dependent on the voltage supplied to the servo.
Table 5.1 speciﬁes the maximum rotational velocity based on the voltage supplied.
The setup used for this thesis supplied 9 V to each servo. Linear interpolation of
Table 5.1 yields a rotational velocity of approximately 0.2203 seconds per 60◦ rotation
or 4.7528 rad/s. Similar to the position command, the rotational velocity command
ranges from 0 to 1024; however, a command of 0 will rotate the servo as fast as
possible based on the supplied voltage, and a command from 1 to 1024 will rotate the
servo from 0 deg/s to the maximum possible rotational velocity, 272.3147 deg/s for a
supplied voltage of 9 V. The rotational velocity command, ψ, supplied to all degrees
of freedom excluding Hand Open/Close was formulated as shown in Equation (5.9)
for a desired rotational velocity of θ̇. The rotational velocity command issued for
Hand Open/Close will be discussed in the next section.

ψ = [|θ̇|

1024 − 1
] + 1.
4.7528
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(5.9)

Table 5.1: AX-12 Servo Maximum Rotational Velocity (Adapted from User Manual [17])
Voltage [V]
7
10
5.3

Rotational Timing [ Sec
]
60◦
0.269
0.196

AX-12 Servo Feedback

The AX-12 servos oﬀer many advantages over other servomotors currently on
the market. In particular, the AX-12 servos provide feedback of position, velocity,
voltage, temperature, and load. The position feedback will be useful in the implementation of the controller to be discussed in Chapter 6. The load feedback is useful
for closing the hand around an object. If the load feedback is monitored while the
hand is closing, the commands to the servo controlling the Hand Open/Close degree
of freedom can be altered in real time to grip the object ﬁrmly enough to pick it up
but not so ﬁrmly that the servo overloads. The range of the load feedback is 0 - 2047;
a value of 0 - 1023 indicates that the load works to the counter-clockwise direction,
and a value of 1024 - 2047 indicates that the load is in the clockwise direction. The
maximum value in each range is equal to the maximum torque limit for the servo.
Servo ID 7 that controls the Hand Open/Close degree of freedom is oriented such
that a command to close the hand will produce clockwise motion; therefore, a value
of 1024 is essentially zero load and a value of 2047 indicates that the servo has reached
its maximum load capacity. In order to select a load value between 1024 and 2047
at which to stop the hand from closing any further around an object, a series of trials were performed with the goal being to pick up a small ball, move it to another
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location, and then release the ball. A load limit value of 1200 enabled the hand to
consistently close the hand hard enough around the ball to pick it up without overloading the servo. The velocity of the Hand Open/Close action was set to a command
value of 60 which allowed the hand to close around an object with a reasonable speed
while providing the load feedback time to stop the hand from closing too hard. This
constant velocity value and the load limit of 1200 was incorporated into the controller
to be discussed in the next chapter.
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CHAPTER 6

CONTROLLER

A controller using the proposed Cartesian control approach that allows the
user to control the AX-12 Smart Arm by providing the desired hand velocity was
developed in Matlab Simulink. As discussed in Section 4.2, the commanded velocity will consist of the hand linear velocity deﬁned in the base frame and the hand
rotational velocity in the end-eﬀector frame. The goal of this thesis is to quantify
the advantages or disadvantages of Cartesian control over joint control; therefore,
an alternative controller using joint control was developed for comparison purposes.
The general layout of both the Cartesian controller and the joint controller will be
discussed as well as additional components added to increase the functionality of
each controller. A collision avoidance scheme was implemented in both versions of
the controller to avoid collisions with the arm itself and the ground. As discussed in
Section 4.3, the methodology employed to solve the inverse kinematics for the arm
has the potential for singular matrices which cause unstable behavior. A methodology for predicting close to singular conﬁgurations was implemented in the Cartesian
controller in order to shut the arm down prior to reaching a singular conﬁguration.
A Matlab GUI was developed as the interface between the user and the controller.
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As discussed in Chapter 2, two Cartesian control approaches were developed in order
to systematically evaluate the beneﬁts of Cartesian control over joint control. The
underlying controller is identical for these two approaches; only the user interface
diﬀers, both of which will be discussed in this chapter. The GUI developed as the
interface to the controller using joint control will be discussed as well.

6.1

Controller Layout

The block diagram for the Cartesian controller is included in Figure 6.1. The
extended commanded velocity vector, ẋe , Hand Open/Close command, and initial
conditions (initial joint angles) are user-provided inputs. The inverse kinematics
solution discussed in Chapter 4 is employed to convert the commanded velocities to
joint angular velocities, θ̇. Also within the Inverse Kinematics block is an evaluation
of the Jacobian matrix that is sent to the Singularity Check block to predict a close to
singular Jacobian matrix. This check will be discussed further in Section 6.2. If the
singularity check is not passed, the program terminates in order to avoid dangerous,
unstable behavior of the arm. The joint angular velocities resulting from the inverse
kinematics solution are integrated to produce joint angles, θ. The joint angles as
well as the state, open or closed, of the hand are input into the Collision Check
block to be discussed further in Section 6.3. As done in the event of a close to
singular conﬁguration, if a collision is detected, the program is terminated. If both
the singularity and collision checks are passed, a command is sent to the arm to initiate
the performance of the desired task. Because the AX-12 Smart Arm servos accept
both position and velocity commands, the sent command is composed of both the
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joint angles and joint angular velocities. The joint angles and joint angular velocities
are converted to servo commands using the equations presented in Section 5.2. The
AX-12 Smart Arm reacts to the command and sends back current position information
as well as load feedback. The position information is converted back to joint angles
and used to update the Jacobian matrix in the Inverse Kinematics block. It should be
noted that Equations (5.1) - (5.8) provide a mapping that must be reversed to obtain
the joint angles from the AX-12 servo position as reported in the servo feedback, φ.
The Load Evaluation block assesses the load feedback of Servo ID 7 against the limit
discussed in Section 5.3 and modiﬁes the constant commanded velocity value of Servo
ID 7 as needed. This allows for the real-time modiﬁcation of the Hand Open/Close
function so that the hand can grasp an object ﬁrmly enough to pick it up but not so
ﬁrmly as to cause an overload of Servo ID 7.
The block diagram for the joint controller is essentially a simpliﬁed version of
the Cartesian controller. Because the user is required to provide the joint angular
velocities, no Inverse Kinematics block is needed, and as a result, no position feedback
is needed. The joint control method does not suﬀer from the possibility of unstable
behavior due to singular matrices; therefore, the Singularity Check function has been
removed as well. The block diagram for the joint controller is included in Figure 6.2.

6.2

Singularity Avoidance
The use of the extended Jacobian method for solving the AX-12 Smart Arm

inverse kinematics problem proved to have many advantages, namely, the simplicity
of the methodology for evaluating a relatively new concept. While this advantage
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Figure 6.2: Joint Controller Block Diagram
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makes the extended Jacobian approach desirable for testing a concept as proposed
in this thesis, one major disadvantage of this approach must be dealt with. The
possibility of a singular Jacobian matrix presents an obstacle when using the extended
Jacobian method. The inverse kinematics solution involves the inverse of the Jacobian
matrix. If singular or close to singular, taking the inverse can yield very large joint
angular velocities. Actually commanding the arm with the inverse kinematics solution
performed with a singular matrix could command joint angular velocities large enough
to break the arm, or, more seriously, injure the user. Much research has been done
in singularity avoidance techniques; however, in order to focus on the comparison
between joint control and Cartesian control, those techniques were not explored in
this thesis. A simple singularity check was performed, and if the check revealed a close
to singular Jacobian matrix, the program was terminated immediately by zeroing out
all velocity commands to the arm. By zeroing out only the velocity commands and
not the position commands, the arm will cease moving and hold its current position.
The Matlab function COND was used to predict a close to singular conﬁguration. The COND function takes a matrix as the input, in this case the Jacobian
matrix, and returns the 2-norm condition number which is the ratio of the largest
singular value in the input matrix to the smallest. Therefore, the larger the condition, the closer the matrix is to being singular. To determine at what condition
number a shutdown would be commanded, a number of tests were performed using
a simulated version of the arm. A subset of these tests are shown in Figure 6.3. The
three plots in Figure 6.3 represent the joint angles resulting from a commanded x,
y, and z end-eﬀector velocity, respectively. The corresponding Jacobian condition
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numbers are co-plotted. The onset of unstable behavior due to a singular Jacobian is
characterized by sharp changes in the joint angles. Figure 6.4 is a close-up of the ﬁrst
subplot in Figure 6.3. A sharp change in joint angle rate can be seen at 0.95 seconds
when θ̇3 abruptly changes from a rate of 530 deg/s to -290 deg/s in a matter of 0.005
seconds. Additionally, the maximum joint rate limit of the servos, 272.3147 deg/s,
must be considered. The joint rate limit of the servos is indicated by the blue shaded
box in Figure 6.4. A condition number of 50 consistently predicted unstable behavior;
however, using a condition number of 50 generally allowed less than a tenth of a second to shut down the arm before the joint rate limits were reached. For this reason, a
more conservative condition number of 25 was selected. In addition to the tests with
the simulated arm, a series of tests were performed with the actual arm. A condition
number of 25 consistently avoided unstable behavior without hindering the ability of
the arm to move within the task space. This condition limit was implemented in the
Singularity Check block pictured in Figure 6.1.

6.3

Collision Avoidance
In order to protect the user and the arm, a collision avoidance scheme was

needed. Contrary to the singularity avoidance technique, collision avoidance was
needed for both the Cartesian controller and the joint controller. Collision avoidance was separated into two components, avoidance of a collision with the ground
and avoidance of a collision with the arm itself. Ground collision avoidance is implemented in the Collision Check blocks shown in each of the controller block diagrams
in Section 6.1. The AX-12 servos are designed to operate within user-speciﬁed ro47
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Figure 6.3: Subset of Simulations Performed to Select Condition Number (Subplot
1 is result of commanded x end-eﬀector velocity, Subplot 2 is result of commanded y
end-eﬀector velocity, and Subplot 3 is result of commanded z end-eﬀector velocity)

tation angle limits; these user-speciﬁed limits were used to implement a collision
avoidance scheme within the servo command to avoid collisions with the arm itself.
The development of the forward kinematics solution in Chapter 3 formed the
basis for the ground collision avoidance scheme implemented into both the Cartesian
and joint controllers. Given the joint angles, θ, the forward kinematics solution
can provide the resulting end-eﬀector position. Using the transformation matrix
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Figure 6.4: Example Simulation Performed to Select Condition Number (Commanded x end-eﬀector velocity case)

developed in (3.3), the hand position could be described in the base frame. By
applying the necessary length oﬀsets to account for structure oﬀset from a particular
link frame and evaluating the hand position in the base frame, a simple check was
performed to determine if the hand position was too close to the ground. Additionally,
the hand conﬁguration, opened or closed, factored into this check. When closed, the
hand extends outward; therefore, a position close to the ground may pass the ground
collision check with the hand opened but not when the hand is closed. For simplicity,
ground collision avoidance was implemented as a collision detection that triggered an
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Table 6.1: AX-12 Servo Rotational Limits
Servo ID CW Limit
1
205
2
107
3
107
4
97
5
97
6
205
7
511

CCW Limit
822
915
915
925
925
822
705

Approximate Range [deg]
60 - 240
30 - 270
30 - 270
30 -270
30 -270
60 - 240
150 - 207

immediate termination of the program by zeroing out all velocity commands to the
arm.
The AX-12 servos are designed with collision avoidance in mind by allowing
the command to specify a maximum clockwise (CW) and counterclockwise (CCW)
rotation. Once a servo reaches either limit, it will not try to rotate any further. Based
on the geometry of the AX-12 Smart Arm, these limits were set in order to prevent
the arm from attempting to move to a conﬁguration where it would collide with itself.
The limits, speciﬁed by the servo position command, are included in Table 6.1. The
corresponding rotation ranges deﬁned as shown in Figure 5.3 are also included.

6.4

Graphical User Interface
To test the Cartesian control approach against the joint control approach,

two versions of the Cartesian controller were developed in which the only diﬀerence
between the two is the user interface. Two separate Matlab GUIs were developed as
the user interface for versions 1 and 2 of the Cartesian controller, and a third GUI
was developed as the interface to the joint controller.
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The GUI for version 1 of the Cartesian controller is shown in Figure 6.5. The
system setup to be discussed in more detail in Chapter 7 requires a connection to a
target computer; the GUI section labeled Connect to Target and Download Application allows the user to specify the target computer, connect to it, and then upload
the controller to the target computer. The status bar at the top of the GUI provides
a status for multiple functions including the status of the connection to the target
computer and the program upload. After the controller has uploaded, the user can
specify an initial starting position for the arm. The starting position is speciﬁed by
the joint angle for each DOF; the values shown in Figure 6.5 were typically used as
the starting position. Once the starting position angles are entered, selecting Initialize and Start Simulation will move the arm to the initial position and begin the
program. For the Cartesian controller, the user is specifying the desired hand linear
velocities and angular rotational velocity. Each of these values are entered in the section labeled Input Desired Speed. Based on user feedback, the input velocities were
labeled as follows: 0 (v1 )5 was labeled as Forward/Backward Speed, 0 (v2 )5 was labeled
as Left/Right Speed, 0 (v3 )5 was labeled as Up/Down Speed, and 5 (ω3 )5 was labeled
as Hand Rotational Speed. Each input has a selection allowing the user to select the
desired direction. Once the desired direction is selected, the user speciﬁes the speed
value by either entering it in the text box to the right or by sliding the slider bar to the
desired value. The Reset button in the top right will return all inputs to zero. Once
the desired velocity values are set, the user can send them to the arm by selecting
Update Speed Inputs. If the Pause/Play button (labeled Pause in Figure 6.5) reads
Pause, the arm is in Play mode and will begin moving. When the user desires to
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change the commanded velocity, the Pause button can be selected to stop the current
motion. Upon selection, the Pause/Play button will change to Play so that the user
can restart the motion once the new desired velocity values have been entered. Each
time the commanded velocity values are changed, the user must select Update Speed
Inputs in order to send these commands to the controller. The Pause/Play button
simply starts or stops the motion for the velocity commands currently submitted to
the program. At any time the user can select the Open/Close Hand button (labeled
Open Hand in Figure 6.5) to either open or close the hand. Once the hand is opened
the Open/Close Hand button will be labeled Close Hand.
As designed, version 1 of the Cartesian controller only allows movement in
one direction at a time. For instance, if the Forward/Backward Speed is set to some
nonzero value, all other desired velocity values will be forced to be zero. Version 2
of the Cartesian controller improves on version 1 by allowing the combination of
Forward/Backward Speed and Left/Right Speed. This was done by replacing the
Forward/Backward Speed and Left/Right Speed sliders with a Cartesian plane representation of the two combined. This is shown in Figure 6.6 for a combined Forward/Backward Speed of 3 in/s forward and Left/Right Speed of 2 in/s left. The user
can simply select any location on the Cartesian plane to formulate the vector representing the combined Forward/Backward Speed and Left/Right Speed, or the desired
velocity values can be entered in the text boxes to the right. All other functions are
identical to version 1 of the Cartesian controller.
The GUI developed as the interface to the joint controller is very similar to
the GUI developed for version 1 of the Cartesian controller. The joint controller GUI
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Figure 6.5: Cartesian Control Version 1 GUI

is included in Figure 6.7. The only diﬀerence mirrors the fundamental diﬀerence in
the two control schemes. Whereas the Cartesian controller GUI accepted end-eﬀector
velocities, the joint controller GUI requires the user to provide the individual joint
angular velocities. These angular velocities are entered in the section labeled Input
Desired Joint Angular Rates. Each joint angular rate is labeled by the DOF it controls,
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Figure 6.6: Cartesian Control Version 2 GUI
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and, similar to version 1 of the Cartesian controller, the magnitude is speciﬁed by a
slider input, and the direction is selected independently. A ﬁgure labeling each DOF
on the AX-12 Smart Arm was included to aid in the understanding of the inputs.
Both the Cartesian and joint controllers with their corresponding user interfaces will be tested in Chapter 8. As shown in this chapter, the layout of each is very
similar to one another. This was done intentionally so as to focus the comparisons
and resulting conclusions on the underlying control scheme of each approach.
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Figure 6.7: Joint Control GUI

CHAPTER 7

SETUP

In order to test the various control schemes developed for the AX-12 Smart
Arm, the controllers and user interfaces discussed in Chapter 6 must be able to
interact with the arm in real time. The Matlab xPC Target toolbox is designed for
hardware-in-the-loop simulations using Simulink models, making it a natural solution
for testing the arm. The complete system setup for testing the arm will be discussed
in this chapter. The AX-12 servos must also be conﬁgured to work properly with the
system; this conﬁguration process will be discussed in this chapter as well.

7.1

System Setup

The complete system setup for testing a particular control scheme, shown
in Figure 7.1, includes a target and host computer, the GUI discussed in Chapter 6,
a signal conversion circuit, various power supplies, and the AX-12 Smart Arm. The
host and target computers are connected with an Ethernet cable. The GUI is opened
on the host computer and is used to load the controller program into xPC Target on
the target computer. Once the controller program is loaded onto the target computer,
the user will continue to use the GUI on the host computer to control the arm. An
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Figure 7.1: System Setup

input to the host computer GUI will update variables in the controller loaded on the
target computer in real time. The target computer then sends a command to the
arm through a RS232 cable; however, a signal conversion must be made in order for
the AX-12 servos to be able to read the RS232 signal. A custom circuit was built to
make this conversion.
The AX-12 servos are designed to read TTL half-duplex signals, thus, requiring
a conversion of the RS232 full-duplex signal sent from the target computer. Previous
work on the development of the MTT included the design of the custom circuit used
to make this conversion. For this thesis, the circuit was constructed by following the
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schematic shown in Figure 7.2. The bill of materials (BOM) and detailed instructions
needed to build this circuit are included in Appendix A.
The circuit is powered with a 5 V power supply, and the arm is powered with
a 9 V power supply. In addition to the 9 V power, the arm will receive the converted
signal through the circuit. The power supply shown in Figure 7.3 was constructed to
transmit the signal from the circuit to the arm as well as supply a separate source
of power to the arm. Pictures of the complete setup in the UAH Advanced Robotics
Laboratory are included in Figure 7.4 and Figure 7.5.

7.2

Servo Conﬁguration

In addition to the signal conversion, each AX-12 servo must be conﬁgured
properly in order to receive a command. Each of the seven servos on the AX-12
Smart Arm must be conﬁgured with the correct ID number and baud rate. The servo
ID numbers are shown in Figure 5.2, and the baud rate for each of the seven servos
should be 117,647 bps. Conﬁguration software from Best Tech was used to conﬁgure
the each of the seven servos. To conﬁgure a servo it must be independently powered
to 9 V, and it must be connected to the USB2Dynamixel driver which is essentially
a virtual serial port that attaches to a USB port. The connection of the servo to
the USB2Dynamixel driver is shown in Figure 7.6. Once the servo is connected
to the computer though the USB2Dynamixel driver, the Best Tech conﬁguration
software can be run. Running the conﬁguration software opens the program shown
in Figure 7.7. First, the COM port should be selected to match the COM port of
the USB2Dynamixel driver. Next, the port can be opened and the servo scanned by
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Figure 7.2: Circuit Diagram for RS232 Full-Duplex Conversion to TTL Half-Duplex

AX-12 Smart Arm
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AX-12 Smart Arm Power Supply

Figure 7.3: AX-12 Smart Arm Power Supply and Signal Router

selecting Port Open and then Start Scan. Upon scan completion, the items in the
far right will be populated. At this time, the servo ID, contained in slot 3, should
be changed, if needed, to the correct ID number. The baud rate, located at the top
center, should be speciﬁed to 117,647 bps. Once those updates are made, selecting
Port Close will complete the conﬁguration of the servo. The seven AX-12 Smart Arm
servos are linked together as a chain, so conﬁguration was performed incrementally
moving up the chain starting with servo ID 1 and moving to servo ID 7. The system
is prepared for testing by inserting the fully conﬁgured AX-12 Smart Arm into the
system setup pictured in Figure 7.1.
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Figure 7.4: System Setup in UAH Advanced Robotics Laboratory
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Figure 7.5: Close-up of System Setup in UAH Advanced Robotics Laboratory

Figure 7.6: Connection of AX-12 Servo to USB2Dynamixel Driver
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Figure 7.7: Best Tech Conﬁguration Software
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CHAPTER 8

RESULTS

The Cartesian control approach has been proposed as an alternative to the
traditional joint control approach that is currently implemented in the MTT and
widely used in the prosthetics industry today. It is theorized that the Cartesian
controller will perform tasks better than the joint controller by, not only being more
intuitive, but by also increasing eﬃciency with the ability for straight-line motion,
an option not available with the joint control approach. A series of timed trials
with able-bodied subjects will be performed in order to evaluate the two control
approaches against one another. As discussed previously, two versions of the Cartesian
controller were developed in order to systematically evaluate the perceived beneﬁts of
the Cartesian control approach. In version 1 of the Cartesian controller, the subject
will command the hand velocity in a Cartesian frame; however, only one direction
will be commanded at a time, thus, limiting the ability for straight-line motion.
Any beneﬁt of this version over the joint controller is indicative of the intuitiveness
gained by moving from individual joint control to Cartesian control. Version 2 of
the Cartesian controller will build on version 1 by allowing for the speciﬁcation of a
combined Forward/Back and Left/Right hand velocity; therefore, encouraging the use
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of straight-line motion. Any additional advantage gained here will show the beneﬁt
of straight-line motion.
A discussion of the experimental setup will be followed by the presentation
of the test results. In addition to the timed trials, a survey was given to each participant to gain additional insight into the advantages and disadvantages of each
control approach; this feedback as well as observations made during the trials will be
summarized in this chapter as well.
The system setup developed for the testing performed for this thesis diﬀers
from the MTT in that the user controls the arm through a GUI. The MTT incorporates surface electromyography electrodes that attach to the surface of the skin over
a particular muscle site and measure a muscle contraction. The signals measured
by the sEMG electrodes are used to drive the individual degrees of freedom of the
AX-12 Smart Arm. The sEMG electrodes and required data acquisition system are
not currently available in the UAH Advanced Robotics Laboratory. For this reason,
the GUIs were developed as an alternative user interface. Testing was performed previously on the MTT in which one muscle site was used to control a single degree of
freedom while another was used to switch between degrees of freedom [8]. Although,
not identical to the testing performed as a part of this thesis, comparisons between
the results obtained in this thesis and previous MTT testing results will be made
where applicable. The joint control GUI was meant to mimic the user interface of
the previous MTT testing; the two user interfaces are not equivalent but are similar
in that the user controls the rotational velocity of a single degree of freedom at a
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time. Because the underlying controllers both employ individual joint control, these
comparisons can indicate user interface eﬀects.
Although, the system setup employed in this thesis diﬀers from the MTT in the
user interface, it was not anticipated that the comparisons between the joint control
method and the two Cartesian control methods would be aﬀected by this diﬀerence.
The GUIs for each of the three controllers were designed as similarly as possible in
order to get a controlled comparison of only the control approaches. However, during
testing it was noted that, at times, problems using the GUI for some subjects could
produce inconsistent results. The previous MTT testing can be used to evaluate not
only the eﬀectiveness of a particular user interface, but also the consistency gained
by a particular user interface.
Future testing of the alternative control approach proposed in this thesis should
include the surface EMG electrodes as the user interface. This equipment currently
exists at the Glenrose Rehabilitation Center in Edmonton, Alberta, Canada. The
controllers developed in this thesis have strived to maintain consistency with the
controller used in the current MTT so that they could be easily implemented for
further testing. Additionally, the surface EMG electrodes and corresponding data
acquisition system could be obtained for the UAH Advanced Robotics Laboratory
for further research and testing. It should be noted, however, that once the user
interface shifts from a GUI to actual contact with the human subject as required by
the surface EMG electrodes, much more stringent safety guidelines must be followed
when testing. Another option for future testing is a recently developed thumb joystick
interface. This approach incorporates a user interface that is more similar to the
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surface EMG electrodes than the GUI approach in that the user controls the arm
with movements from their own body, but it avoids the extra complications and
safety concerns involved with transmitting electrical signals from electrodes attached
to a user’s body.

8.1

Experimental Setup

A modiﬁed version of the Box and Blocks test was used to evaluate the advantages and disadvantages of each controller. The Box and Blocks test is commonly
used by occupational therapists to measure the manual dexterity of handicapped patients [18]. The test involves a box with a divider in the middle in which patients
are to move as many blocks as they can from one side to the other in one minute.
Previous testing of the MTT noted that it was likely that the subjects would only be
able to move over a single block in one minute; therefore, the test was modiﬁed to
specify a set number of blocks and measure the time it took to move them from one
side to the other [19]. Additionally, the size of the box was adapted to ﬁt the task
space of the AX-12 Smart Arm. This approach was adopted for the testing performed
for this thesis.
A box with the dimensions shown in Figure 8.1 was constructed for the testing.
Barriers were placed inside the box to close oﬀ areas not reachable by the arm. Instead
of blocks, compressible balls with a diameter of 35 mm were used. The bottom of
the box was covered in felt to try to keep the balls from moving around during the
test. Three balls were placed in one side of the box, and the subject was directed to
move the three balls over, one at time, to the other side as quickly as possible. For
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Figure 8.1: Experimental Setup (Adapted from [19])

each controller tested, this was done ﬁve times alternating the starting side from left
to right.
Five able-bodied subjects were selected to perform the modiﬁed Box and
Blocks test for each of the three controllers. The joint controller was tested ﬁrst
and was followed by versions 1 and 2 of the Cartesian controller, respectively. Each
subject was allowed to practice with each controller before beginning the timed trials. Once the subject indicated that they were ready to begin the test, the arm was
initialized to the starting position and the subject was allowed to begin moving the
balls over to the other side of the box once the timer was started. The timer was
stopped once the third ball touched the ﬂoor of the other side of the box. If a collision
or singularity triggered the program to stop, or if the ball was dropped outside of the
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box, the trial was repeated. Upon completion of the test, each subject was asked to
ﬁll out a survey ranking the intuitiveness and eﬀectiveness of each controller. The
quantitative results of the timed trials are presented in Section 8.2, and the qualitative results gained from the user survey and observations made during testing are
presented in Section 8.3.

8.2

Test Results
The raw results of the timed trials are presented for each of the ﬁve test sub-

jects in Figure 8.2; the results are included in tabular form in Appendix B. Each
individual plot shows the trial times of a single test subject for all three controllers
tested. The joint controller is labeled Joint Control, version 1 of the Cartesian controller is labeled Cartesian Control v1, and version 2 of the Cartesian controller is
labeled Cartesian Control v2.
The data plotted in Figure 8.2 can be used to compare both versions of Cartesian control to joint control, and it can also provide comparisons between versions 1
and 2 of Cartesian control. The percentage improvement in trial times for subjects 1
- 5 are included in Table 8.1 - Table 8.5, respectively. The second column shows the
percentage improvement in trial time for version 1 of the Cartesian controller over
the joint controller where a positive percentage improvement indicates a faster time
was achieved using version 1 of the Cartesian controller. The third column is similar
to the second except that it compares the Cartesian controller version 2 to the joint
controller. The last column shows the percentage improvement of version 2 of the
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Figure 8.2: Raw Timed Trial Results

Cartesian controller over version 1 where a positive percentage indicates a faster time
for Cartesian control version 2.
Comparisons between Cartesian control version 1 and joint control can be
made by focusing on the ﬁrst two bars in Figure 8.2 and column 2 in Table 8.1
- Table 8.5. For all subjects tested, version 1 of the Cartesian controller produced
faster times, or positive percentage improvements, for the ﬁrst trial showing that all
ﬁve subjects were able to learn Cartesian control version 1 faster than joint control.
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Table 8.1: Subject 1 Percentage Improvements in Trial Times

Trial No.

Cartesian Control v1
over Joint Control

Cartesian Control v2
over Joint Control

1
2
3
4
5

12
15
5
-9
13

23
29
11
21
36

Cartesian Control v2
over Cartesian
Control v1
9
13
6
33
20

Table 8.2: Subject 2 Percentage Improvements in Trial Times

Trial No.

Cartesian Control v1
over Joint Control

Cartesian Control v2
over Joint Control

1
2
3
4
5

43
-2
-19
43
29

156
57
-7
131
49

Cartesian Control v2
over Cartesian
Control v1
79
60
14
62
16

Table 8.3: Subject 3 Percentage Improvements in Trial Times

Trial No.

Cartesian Control v1
over Joint Control

Cartesian Control v2
over Joint Control

1
2
3
4
5

152
18
15
-1
13

244
106
30
94
80
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Cartesian Control v2
over Cartesian
Control v1
36
75
13
96
59

Table 8.4: Subject 4 Percentage Improvements in Trial Times

Trial No.

Cartesian Control v1
over Joint Control

Cartesian Control v2
over Joint Control

1
2
3
4
5

48
-4
24
-22
16

60
19
14
21
32

Cartesian Control v2
over Cartesian
Control v1
9
23
-8
55
14

Table 8.5: Subject 5 Percentage Improvements in Trial Times

Trial No.

Cartesian Control v1
over Joint Control

Cartesian Control v2
over Joint Control

1
2
3
4
5

40
80
-29
-42
-60

1
56
-14
28
-2

Cartesian Control v2
over Cartesian
Control v1
-27
-13
22
122
149

Additionally, for subjects 1 - 4, version 1 of the Cartesian controller produced faster
times than joint control for the last trial as well as a majority of the 5 trials. It
was noted that the Cartesian control version 1 results for subject 5 did not follow the
same trend as subjects 1 - 4; while subjects 1 - 4 generally showed similar, but slightly
faster Cartesian control version 1 times towards the end of the ﬁve trials, subject 5
showed drastically slower times for trials 4 and 5 when using Cartesian control version
1. This could be due, in part, to issues encountered with the functionality of the arm
during prolonged use or issues using the GUI to control the arm. These issues, among
others observed during testing, will be discussed further in Section 8.3.
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Comparisons between Cartesian control version 2 and joint control can be
made by focusing on the ﬁrst and third bars in Figure 8.2 and column 3 in Table 8.1 Table 8.5. Cartesian control version 2 was also learned more quickly than joint control
as shown by faster trial 1 times for all subjects tested. All subjects also maintained
faster Cartesian control version 2 times for a majority of the ﬁve trials. Additionally,
three of the ﬁve subjects (subjects 1, 3, and 4) showed improved trial times when
using Cartesian control version 2 for all ﬁve trials. Four of the ﬁve subjects completed
the last trial quicker with Cartesian control v2, and the single subject that did not
(subject 5) was only 2% slower.
Comparisons between Cartesian control version 1 and Cartesian control version
2 can be made by focusing on the second and third bars in Figure 8.2 and column
4 in Table 8.1 - Table 8.5. Four of the ﬁve subjects (subjects 1 - 4) performed the
ﬁrst trial faster with version 2, and all ﬁve subjects performed the majority of the
ﬁve trials faster with version 2. Additionally, subjects 1 - 3 performed all ﬁve trials
faster with version 2, and the last trial was performed faster with version 2 for all ﬁve
subjects.
In general the raw results indicate that Cartesian control version 1 is improved
over joint control, and Cartesian control version 2 is superior to both joint control
and Cartesian control version 1. The ﬁrst and last trials of subjects 1 - 4 all show the
following order when the programs are ordered from slowest to fastest times: joint
control, Cartesian control version 1, Cartesian control version 2. Additionally, for a
majority of the subjects this order was maintained for a majority of the ﬁve trials.
Although subject 5’s Cartesian control version 1 trial times did not follow the trend
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of the other four subjects, the Cartesian control version 2 trial times of subject 5
clearly showed an advantage over the other two programs which was in line with the
trend seen in the other four subjects.
Additional insight into the data trends can be gained by examining the results
averaged over all ﬁve subjects.

Figure 8.3 shows the trial times averaged over the

ﬁve subjects. The error bars represent ± one standard deviation. To evaluate the
impact of intuitiveness alone, version 1 of the Cartesian controller can be compared to
the joint control results. For the ﬁrst two trials, version 1 of the Cartesian controller
produced signiﬁcantly faster times than joint control, indicating that the Cartesian
control approach was easier to learn and, hence, more intuitive. Trials 3 - 5, however,
produced similar times, indicating that even though the Cartesian controller was more
intuitive, once learned, the joint controller was as eﬀective as version 1 of the Cartesian
controller. Although, the average times for trials 3 - 5 for the joint controller and
version 1 of the Cartesian controller are similar, version 1 of the Cartesian controller
exhibited much larger standard deviations. Inspecting trial number 5 closer revealed
that four of the ﬁve subjects actually performed the task faster with the Cartesian
controller; the large standard deviation and, hence, larger average time was mostly
due to the time of a single subject. This is conﬁrmed in Figure 8.4 in which the average
times of the ﬁve trials were computed excluding subject 5. Figure 8.4 also supports
previous conclusions by showing that Cartesian control version 1 was signiﬁcantly
faster than joint control for the ﬁrst trial, but as the subjects progressed through the
trials, the joint control and Cartesian control version 1 times tended to converge.
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Figure 8.3: Average Trial Times

A dramatic decrease in trial times can be seen by comparing joint control to
version 2 of the Cartesian controller, showing that the additional beneﬁt provided by
straight-line motion is signiﬁcant. The average times for version 2 of the Cartesian
controller were always faster than the average times of the joint controller and version
1 of the Cartesian controller, indicating that version 2 of the Cartesian controller was
much more eﬀective than the joint controller version 1 of the Cartesian controller.
Additionally, the Cartesian Control version 2 trial times continued to decrease as the
subjects progressed through the trials, and smaller standard deviations indicate that
this trend was present for all of the subjects tested.
Figure 8.5 includes the percentage decrease in trial time averaged over the
ﬁve subjects. A positive percentage represents an improvement over the average joint

76

450
Joint Control
Cartesian Control v1
Cartesian Control v2

400
350

Time [sec]

300
250
200
150
100
50

1

2

3
Trial No.

4

5

Figure 8.4: Average Trial Times for Subjects 1 - 4

control time, and the error bars represent ± one standard deviation. In general, both
Cartesian controllers were more eﬀective than the joint controller; only two version
1 Cartesian controller trials resulted in average percentage increases in time, and
the percentage increases were less than 10%. When subject 5 was removed from
the average calculations, shown in Figure 8.6, these two percentage increases in time
became small percentage improvements. Figure 8.5 clearly shows the advantage of
version 2 of the Cartesian controller with average percentage improvements over all
trials and average percentage improvements of up to 100%.
Version 2 of the Cartesian controller includes both the ability for straight-line
motion and a more intuitive user command, removing the need to resolve the desired
hand velocity into joint commands. The timed trial results show that each of these
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Figure 8.5: Average Percentage Improvement in Trial Times
(Positive percentage represents a decrease in trial time compared to Joint Control)

features improved the time in which it took the subjects to complete the task. By
allowing the subjects to command the hand velocity in a Cartesian frame, they were
able to, initially, perform the trials quicker than when they were required to command
individual joint velocities. Once the ability for straight-line motion was incorporated,
the trial times reduced signiﬁcantly across all subjects tested. The results indicate
that the more intuitive command oﬀered by the Cartesian control scheme allowed the
user to learn to control the arm more quickly, and the additional beneﬁt of straightline motion allowed the user to consistently complete the task at a faster pace.
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Figure 8.6: Average Percentage Improvement in Trial Times for Subjects 1 - 4
(Positive percentage represents a decrease in trial time compared to Joint Control)

8.3

User Feedback and Observations

In addition to the quantitative results obtained from the timed trials, user
feedback was used to further evaluate the beneﬁts of Cartesian control. A survey
was administered to each subject after the completion of the timed trials in which
they were asked to assign a number value from 0 - 5 to indicate the intuitiveness and
eﬀectiveness of each controller tested. Intuitiveness was described as how easy it was
to learn to use the controller; a value of 0 represented a controller that was diﬃcult
to learn or took a long time to learn, and a value of 5 represented a controller that
was easy to learn or was learned quickly. Eﬀectiveness was described as how well the
controller was able to perform the task; a value of 0 represented a controller that was
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Figure 8.7: Intuitiveness Rankings (Based on user feedback)

frustrating or cumbersome to use and performed the task poorly, and a value of 5
represented a controller that was easy to use and performed the task eﬀectively. Each
subject’s completed survey is included in Appendix B.
Figure 8.7 shows the intuitiveness ranking for all ﬁve subjects as well as
the average over all ﬁve subjects. The error bars represent one standard deviation.
Intuitiveness rankings are well correlated with the performance in the timed trials.
On average the subjects felt that the joint control method was the least intuitive and
version 2 of the Cartesian control method was the most intuitive.
The user feedback on the perceived eﬀectiveness of each control method, shown
in Figure 8.8, also correlated will with the performance in the timed trials. On average,
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Figure 8.8: Eﬀectiveness Rankings (Based on user feedback)

the subjects felt that both joint control and version 1 of the Cartesian controller were
similarly eﬀective in achieving the task. Comparisons between these two in the timed
trials support this opinion. In the timed trials, version 1 of the Cartesian controller
produced faster times for the beginning trials, but as the subjects progressed through
the trials, the trial times for the two controllers tended to converge. On average, the
subjects felt that version 2 of the Cartesian controller was more eﬀective than both
joint control and version 1 of the Cartesian controller. This is also supported by the
timed trials in that version 2 of the Cartesian controller produced faster average times
than either of the other two controllers.
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The survey also asked for the subjects to provide comments. Those comments
in conjunction with notes made during the tests produced some key observations.
A persistent problem during the tests was that extended usage began producing
servo overload errors or incorrect arm movements. Generally, switching out the arms
solved this problem, but a number of the subjects expressed that this was frustrating
when trying to complete the task. Because joint control was tested ﬁrst, these errors
generally were more prominent during the following Cartesian control test; however, it
is not believed to be related to which controller was being tested. Additionally, servo
overload errors were encountered, particularly for servo ID 7 which controls the Hand
Open/Close motion. As discussed previously, this command used the load feedback
from the servo to control the closing motion. The load threshold was modiﬁed in
order to prevent these overload errors, but in cases where the subject picked up a ball
and then took a relatively long time to move it to the other side and drop it, servo
ID 7 would produce an overload error. Each controller was designed to terminate
motion if a singularity or collision was detected. Termination due to singularities was
uncommon, and was generally only encountered when a subject accidentally moved
the arm in a direction not intended. Termination due to collisions was more common.
Because the task involved grasping a ball that lay on the ground, it was common
that a subject would get too close to the ground which would stop the program.
Collisions with the arm itself were very rare when using the joint controller; however,
the Cartesian controllers did produce a number of detections of a collision with the
arm itself. Additionally, it was observed that the GUIs used to issue commands to the
arm were diﬃcult to use for some subjects. Subjects more familiar with computers
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issued commands to the arm through the GUI at a much faster pace than those
who were not as familiar. Subjects that had diﬃculty using the GUI often issued
unintended inputs which resulted in inconsistent trial times. The inconsistent trial
times for subject 5’s Cartesian control version 1 trials were at least partially caused
by issues using the GUI.

8.4

Comparisons to Previous MTT Testing

Previous MTT testing was similar but not identical to testing performed in
this thesis. The MTT testing included 7 subjects and each subject completed 10
trials. The same modiﬁed box and blocks task was completed except that ﬁve balls
were moved instead of three. Because the MTT utilizes joint control, the results of
the MTT testing were compared to the joint control testing performed as a part of
this thesis. The underlying controllers are identical; therefore, comparisons should
yield insight into the eﬀects of the user interface. In order to get a more accurate
comparison, only trials 1 - 5 of the MTT testing were considered and the MTT trial
times were multiplied by a factor of

3
5

to account for the diﬀerent number of balls

used in each test. Figure 8.9 shows the trial times averaged over all subjects tested
where the errorbars represent ± one standard deviation. Although the trends of both
curves are similar, the MTT testing using EMG signals produced signiﬁcantly faster
average trial times than the testing that used a GUI to interface with the controller.
This trend indicates that myoelectric control was easier for the subjects to use than
the GUI. Although, Cartesian control was not tested on the MTT, it is anticipated
that incorporating myoelectric control would improve all trial times obtained as part
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Figure 8.9: Average Trial Times of Joint Controller and MTT (MTT results adapted
from [8])

of this thesis, including the Cartesian control trial times. It is not clear, however,
how the number of balls in each test aﬀects this comparison. The

3
5

factor applied to

the MTT trial times is an approximation; it is likely that the trial times do not scale
exactly linearly with the number of balls as this scale factor assumes.
It was also considered that the MTT testing could provide some insight into
the user interface eﬀect on the variability of trial times. Figure 8.10 shows the standard
deviations across all trials for each of the three controllers tested in this thesis and
the MTT. The MTT standard deviations are generally lower than all three of the
controllers tested in this thesis. In fact, for four of the ﬁve trials, the MTT saw
lower standard deviations than all three controllers that utilized the GUI as the user
interface. Additionally, very large standard deviations (>100 seconds) were seen in
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Figure 8.10: Standard Deviation of Trial Times for All Controllers and MTT (MTT
results adapted from [8])

multiple trials across the three controllers that used a GUI as the interface, while
the MTT that used a myoelectric interface maintained standard deviations of 50
seconds or lower. Although the factor applied to the MTT trial times could have
somewhat skewed the results, the standard deviation comparisons seem to indicate
the superiority of myoelectric control over the GUI for producing consistent results.
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CHAPTER 9

CONCLUSION

Prosthetics for above-elbow amputees on the market today have shown to have
much room for improvement. Speciﬁcally, current commercially available prosthetic
arms utilize independent joint control which requires the patient to independently
control each joint, e.g., elbow ﬂexion/extension or wrist rotation, rather than simply
controlling the movements of the hand. Studies have shown connections between brain
signals and hand position and velocity in Cartesian space, indicating that when using
one’s arm to perform a task, one thinks in terms of the desired position and velocity
in three-dimensional, or Cartesian space. Similar studies have tried to connect brain
signals to individual joint movements, and have failed to do so. In addition to being
more natural, Cartesian control also allows for straight-line motion which is typically
the most natural and eﬃcient.
An alternative robotic arm controller to the traditional joint controller is proposed in this thesis. It was theorized that by allowing control of the robotic arm
hand in a Cartesian frame rather than requiring the user to resolve the desired hand
motion into individual joint commands, better control would be achieved. Better
control was deﬁned as the ability to perform a simple motor task more quickly. A
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previously developed training tool for prosthetic patients was utilized for testing this
theory. While not all components of the training tool were available for the work
performed as a part of this thesis, the robotic arm and the equipment needed to
run hardware-in-the-loop simulations were available. The myoelectrically controlled
training tool utilized surface EMG electrodes to generate a command from a user’s
arm movements. These surface EMG electrodes were not available for the testing
performed in this thesis; therefore, myoelectric control was not possible. Instead,
graphical user interfaces were developed as the interface between the user and the
arm. Three controllers were developed and tested: traditional joint control, a Cartesian controller that only allowed hand movements in forward/back, up/down, and
side-to-side directions one at a time, and a second Cartesian controller that built on
the previous one by allowing a combined forward/back and side-to-side hand motion,
i.e., straight-line motion.
One of the fundamental reasons Cartesian control is not more widely used in
prosthetic arms or even in robotics is that it is more complicated than joint control.
Cartesian control requires the solution to the inverse kinematic problem which poses
a number of complications. The use of a Jacobian matrix and the subsequent inverse
Jacobian matrix can simplify the inverse kinematics solution; however, manipulators
with redundancy, as is the case with most robotic arms, have to deal with non-square
Jacobian matrices. For this work, the extended Jacobian method was used to avoid
this issue. On potential issue with the extended Jacobian method is the possibility
for singular matrices when the orientation of the robotic arm is not actually singular.
Although, this is a concern, the testing performed never indicated such a case.
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Testing was performed on all three controllers with ﬁve able-bodied human
test subjects. For the three controllers tested, each subject performed a simple motor
task that involved picking up a number of balls out of a box and moving them to the
other side of the box as quickly as possible. Five trials were performed per controller
and per subject. The timed trial results indicate that the ﬁrst version of the Cartesian
controller that only allowed movement in one direction at a time was easier to learn
and performed slightly better than joint control. The second version of the Cartesian
controller that allowed for straight-line motion showed a dramatic improvement in
the time taken to complete the trials over both joint control and the previous version
of Cartesian control. Additionally, the second version of Cartesian control showed
much less variation in trial times over the subjects tested indicating that the trend
of improvement over both of the other controllers was consistent across all tested.
User surveys administered to each subject supported the timed trial results in that
they expressed a slight preference for the ﬁrst version of Cartesian control over joint
control and a signiﬁcant preference for the second version of the Cartesian controller
over the joint controller.
The testing performed shows a clear superiority of Cartesian control over joint
control for robotic arm control. The intuitiveness gained by abandoning traditional
joint control for Cartesian control allowed the user to learn to control the arm quicker
as seen by faster initial trial times. The added eﬃciency of straight-line motion
produced a signiﬁcant improvement across all trials. The promising nature of these
results warrants further research in the area of Cartesian control for robotic prosthetic arms. Previous trials with the training tool developed for amputee patients
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showed relative improvements over the trial times presented in this thesis. These
comparisons suggest that diﬀerences, and likely improvements, are to be expected
when transitioning from a graphical user interface to an interface that allows the user
to control the arm using myoelectric signals measured from their own muscle sites.
Implementation of this capability would be the next natural step in furthering this research. Additionally, collision avoidance and singularity avoidance were approached
using the simplest of techniques in this thesis; further work in each of these areas
could substantially improve the performance of the Cartesian controller.
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APPENDIX A

BILL OF MATERIALS AND INSTRUCTIONS FOR CIRCUIT
CONSTRUCTION
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92
Figure A.1: Bill of Materials (1 of 3)
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Figure A.2: Bill of Materials (2 of 3)
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Figure A.3: Bill of Materials (3 of 3)

Figure A.4: Circuit Board for Converting RS232 Full-Duplex Signals to TTL HalfDuplex Signals

The ﬁnal circuit should look like the picture in Figure A.4. Each component
has two or more leads; the following steps will detail where to put them based on
the letter (columns) and number (rows) grid on the breadboard. Take note that the
integrated circuits (ICs) in the photo have been labeled with 1 on the chip where pin
1 is located (usually to the left of the notch).
• Placement of Integrated Circuits
– MAX232 (RS232 to TTL Converter)
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IC Pin (labeled in Figure A.4)

Breadboard Location

Pin 1

E1

Pin 2

E2

Ect.

Ect.

– SN7404N (Hex Inverter)
IC Pin (labeled in Figure A.4)

Breadboard Location

Pin 1

E9

Pin 2

E10

Ect.

Ect.

– SN74LS125AN (3-State Buﬀer)
IC Pin (labeled in Figure A.4)

Breadboard Location

Pin 1

E17

Pin 2

E18

Ect.

Ect.

• Placement of Ceramic Capacitors and Resistor (note ceramic capacitors and
resistors are not polar and lead 1 and lead 2 breadboard locations can be interchanged)
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Component

Lead 1

Lead2

Capacitor 1

H1

H2

Capacitor 2

D1

D3

Capacitor 3

D4

D5

Capacitor 4

A2

GND(-)

Capacitor 5

A6

GND(-)

Capacitor 6

J9

GND(-)

Capacitor 7

J17

GND(-)

Resistor 1

A19

PWR(+)

• Placement of Jumper Wires
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Component

Lead 1

Lead2

Wire 1

I1

PWR(+)

Wire 2

I2

GND(-)

Wire 3

I9

PWR(+)

Wire 4

I17

PWR(+)

Wire 5

A15

GND(-)

Wire 6

A23

GND(-)

Wire 7

A27

GND(-)

Wire 8

G8

D9

Wire 9

G5

D18

Wire 10

G6

C22

Wire 11

C9

C17

Wire 12

B10

B20

Wire 13

C19

C21

Wire 14

D19

D25

• Placement of AX-12 Female Connectors
Connector Pin (labeled in Figure A.4) Breadboard Location
Pin 3 (Data)

E25

Pin 2 (VDD)

E26

Pin 1 (GND)

E27
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Figure A.5: DB9 RS232 Pinout

• Placement of RS232 Jumper Wires (from Breadboard to RS232 Cable)
RS232 Connector

Breadboard Location

RXD (Received Data)

G3

TXD (Transmitted Data)

G4

RTS (Request to Send)

D8

GND

GND(-)

The pinout for a standard female DB9 RS232 connector is shown in Figure A.5.
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APPENDIX B

TEST RESULTS

The raw experimental test results for each of the three controllers tested are
included in Table B.1 - Table B.5 for the ﬁve test subjects. The user surveys are
included as well.

Table B.1: Subject 1 Trial Times (Trial times in seconds)
Trial No.
1
2
3
4
5

Joint Control
176.94
169.72
120.55
143.33
158.01

Cartesian Control v1
157.48
147.91
114.64
157.60
139.96

100

Cartesian Control v2
144.05
131.06
108.43
118.13
116.55

Table B.2: Subject 2 Trial Times (Trial times in seconds)
Trial No.
1
2
3
4
5

Joint Control
256.16
173.63
125.89
261.28
173.15

Cartesian Control v1
179.05
177.32
155.10
182.38
134.58

Cartesian Control v2
99.98
110.74
135.67
112.89
115.86

Table B.3: Subject 3 Trial Times (Trial times in seconds)
Trial No.
1
2
3
4
5

Joint Control
460.78
237.36
203.10
242.25
232.25

Cartesian Control v1
183.01
201.41
176.34
245.41
205.82

Cartesian Control v2
134.10
115.10
155.95
125.16
129.28

Table B.4: Subject 4 Trial Times (Trial times in seconds)
Trial No.
1
2
3
4
5

Joint Control
182.58
114.56
131.38
137.30
156.76

Cartesian Control v1
123.60
118.78
106.19
176.00
135.63

Cartesian Control v2
113.84
96.34
114.81
113.82
119.06

Table B.5: Subject 5 Trial Times (Trial times in seconds)
Trial No.
1
2
3
4
5

Joint Control
393.15
532.93
236.22
222.92
201.32

Cartesian Control v1
281.03
296.08
333.70
386.91
508.54

101

Cartesian Control v2
387.43
340.99
274.34
174.16
204.44

102

103

104

105
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